Ka:Ks -non-synonymous to synonymous nucleotide substitution rate ratio, Ka -nonsynonymous nucleotide substitution rate, Ks synonymous nucleotide substitution rate,
INTRODUCTION
Gene duplication is instrumental in generating new genes encoding proteins with novel or altered function(s) (Ohno 1970) . The rate of gene duplication and loss is high and may occur continually over evolutionary time (Lynch and Conery 2000) . The maintenance of duplicated copies of genes relies on both copies contributing to fitness, and many initial duplicates are lost (Lynch and Conery 2000) . Postduplication, the original genes' functions can be subdivided between the duplicated gene copies. This sub-functionalization (Force et al. 1999; He and Zhang 2005b; Hughes 1994; Jensen 1976; Serebrovsky 1938; Stoltzfus 1999; Ward and Durrett 2004; Wistow and Piatigorsky 1987) does not require positive selection (generally indicated by a Ka:Ks > 1 where Ka is rate of non-synonymous amino acid change and Ks is rate of synonymous change) to acquire sub-divided roles and is more likely to occur when the original gene contains divisible functions or multiple cis motifs (He and Zhang 2005a) . Alternatively, one post-duplication copy of the gene may maintain the original function and the other develop novel gene function (neofunctionalization) or indeed one copy may be lost (pseudogenization) (Eketjall et al. 2004 ; Suyama et al. 2006) . Since evolving proteins are capable of gaining new functions while maintaining their original function (Aharoni et al. 2005) , a period of selective pressure for duality of roles can be followed by gene duplication that then subdivides the different roles into the separate protein copies. This hypothesis implies there would be accelerated protein evolution prior to some gene duplication events along with the more generally acknowledged acceleration of protein evolution postduplication. An alternative scenario is that periodic increases in selection pressure may act at the same time on both gene copy number and on amino acid replacement rates. Here, we characterise the pattern of pre-and post-duplication change in chordate families in the TAED database, to determine the evidence for either of these hypotheses. We chose the TAED chordate database as it represents a large collection of 15,452 gene families with multiple information held for each of these families including, multiple sequence alignments, phylogenetic trees, ancestral sequence data as well as Ka:Ks ratios for each branch, all of which are important in order to attempt to investigate the events surrounding single gene duplication events. In addition, we investigate a subset of this dataset, Human -Rodent duplication events, in an attempt to homogenise the taxonomic groupings and evolutionary time lines to see if any trend is apparent surrounding rodent duplication events.
MATERIALS AND METHODS

The TAED Database
We analysed the chordate database from The Adaptive Evolution Database (TAED), from http://www.bioinfo.no/tools/TAED/files/taed_chordata_138.tar.gz (Liberles et al. 2001; Roth et al. 2005) . The database includes over 15,452 chordate protein alignments. The methods involved in generating this database have been presented elsewhere (Liberles et al. 2001; Roth et al. 2005) but are summarised below for convenience:
Genbank 138 protein-encoding gene sequences greater than 10 amino acids (excluding annotated pseudogenes) were grouped into families, based on a BLAST (Altschul et al. 1990 ) E-value cutoff of 1.0 and global PAM distances (Gonnet et al. 2000) of 100 or less. Multiple sequence alignments were calculated using POA (Grasso and Lee 2004) with the Blosum 80 substitution matrix, requiring each family member to be similar to all others (PAM ≤ 70) over at least 85% of their sequence.
Majority rule consensus protein phylogenies were estimated with MrBayes (Huelsenbeck and Ronquist 2001) . Trees were simultaneously rooted and mapped onto the NCBI taxonomy using a soft parsimony approach (Steffansson 2004) . Nodes with low posterior probabilities of less than 0.7 that conflicted with the NCBI taxonomy were corrected according to the NCBI taxonomy (Roth et al. 2005) . NCBI taxonomy is held to be good for higher eukaryotes where the taxonomy is largely known and the TAED dataset in use in this paper consists of Chordates. Nodes that remained non-binary were resolved using UPGMA. For clades where all members come from the same species, only the most recent and complete (as defined by CDS) sequence was kept, thus effectively pruning in-paralogues from the trees. The TAED trees used in this study are therefore drawn from trees with a broad range of multiple combinations of chordate species, where no specific species taxonomy is being included or excluded. Ancestral sequence predictions, Ka (rate of non-synonymous change) and Ks (rate of synonymous change) were calculated for branches on an evolutionary tree between nodes using the methods described in these papers (Li 1993; Li et al. 1985; Pamilo and Bianchi 1993) , with full treatment of probabilistic ancestral sequences (Benner et al. 1998 ) and normalized to exclude high Ka:Ks values where the high Ka:Ks is due to a single change. Ka:Ks values for each branch were calculated by maximum parsimony methodology (Fitch 1971) . This method of Ka:Ks calculation excludes instances where positive selection on relatively few sites is overwhelmed by purifying selection on the rest of the sites in a given branch. In order to identify these sites it would be necessary to use an alternative method that calculates the Ka:Ks values for individual sites -this work was considered outside the scope of this general study. For further information on TAED construction refer to the TAED papers (Liberles et al. 2001; Roth et al. 2005) .
Branch classification
In this study we labelled all internal nodes in all phylogenies in the TAED chordate database as duplication or speciation nodes based on the species classification of the terminal sequence downstream of the node. The branch support for all trees in the dataset was of the order of ≥ 0.7 (Roth et al. 2005) and any instances where the taxonomy deviated from the NCBI taxonomy were corrected. We therefore feel our node assignments are reasonably accurate, given the current available sequence data; errors are likely to mainly reflect scenarios where paralogues are incorrectly identified, owing to incomplete sampling of sequences from a species, gene deletion, or incorrect annotation. Internal branches were classified as afterspeciation before-speciation (S-S), after-speciation before-duplication (S-D), afterduplication before-speciation (D-S) and after-duplication before-duplication (D-D) dependant on the given branch's flanking node labels (Note: in our nomenclature the branch in question is represented by a '-' and its flanking nodes are represented by a S or D for speciation and duplication respectively, hence, D-S is a branch following a duplication and preceding a speciation). Branches leading to terminal nodes were not considered in these classifications, as they are more likely to have given rise to pseudogenes.
Branch category Ka:Ks comparison and statistics
Taking the evolutionary branches within a range of synonymous site change from 0.0 to 0.155 (The cut-off of 0.155 was chosen as this represented a natural split in the data (data not shown). The data was analysed for the frequency branches at different values of Ks. It was observed that there was a separation of the data into 4 peaks with sufficient numbers for analysis. The peaks for the two higher Ks values (above 0.155) were broader than those for the lower two thus including branches that were too long for this analysis hence the range of the first two makes up our dataset.), the fraction of each branch category at incremental Ka:Ks was plotted ( Families that lack S-S branches were excluded from this analysis (Fig. 2) .
Pre-duplication analysis
We took the 117 branches in 92 protein families where Ka:Ks (S-D) > 0.4 and we categorised residues in the pre-duplication branch as those that had been changed and those that had not. We chose 0.4 as our cut off because in Figure 1 (a) this is the approximate point where we observe a shift of S-D Ka:Ks away from that of S-S. We examined what happened to these residues at other branches post the duplication event and also in the rest of the tree (excluding the pre-duplication branch from the analysis ( Supplementary Fig. 1a ). Pre-duplication changed sites were only used where both TAED (Liberles et al. 2001; Roth et al. 2005) and GASP (Edwards and Shields 2004) ancestral predictions unambiguously agreed on the ancestral state and the ancestral changes. The simplest approach to assessing statistical significance was to evaluate the Odds Ratio (OR) by logistic regression. The OR was calculated from the ratio of post-duplication changes in all subsequent descendent branches out of all changes at those residues across the rest of the tree, with the ratio seen at unchanged residues ( Supplementary Fig. 1a ). Statistical significance of the Odds Ratio was estimated using STATA 8.0 statistical software (STATACorp, Station Road, Texas).
To visualise the data we plotted the log 10 of the change ratio versus the log 10 of the nochange ratio as well as the fraction of the significant families to non-significant families at varying Odds Ratios ( Supplementary Fig. 1b & Fig.3 ).
Phylogenies for the 92 well-aligned protein families that contained a preduplication branch (S-D) with a Ka:Ks > 0.4 were further investigated. Bayesian phylogenies derived from their TAED alignment were inferred using MrBayes (Huelsenbeck and Ronquist 2001) . Using the Jones amino acid matrix, 4 chains were calculated for 1 million generations. After a burnin of 250,000 generations, a majority rule consensus tree was calculated from trees sampled every 100 generations. To assess whether differences in topology between the soft parsimony approach and Bayesian trees are no greater than expected by random chance, we performed Shimodaira-Hasegawa (SH) tests (Shimodaira and Hasegawa 1999) using TreePuzzle 5.1 (Schmidt et al. 2002) . If the Bayesian phylogeny was found to fit the underlying alignment significantly better than the soft parsimony tree, we removed the protein family from our analysis. Further families were removed where there were in-paralogues (caused by species name ambiguity in Genbank e.g. Mus sp. etc.), the pre-duplication branch was near the root of the tree and the Ka:Ks for the preduplication branch was greater than the mean of the rest of the branches in the tree (i.e. the pre-duplication effect is not explicable by general high Ka:Ks values for the protein family in question). We analysed the remaining 9 protein families for site changes prior to duplication (Table 2) .
Human -Rodent taxonomy analysis
We performed a sub-analysis on the 31 trees containing an out-group followed by a human speciation node, followed by a rodent duplication prior to the speciation of rat and mouse (with duplicated paralogues observed in both rat and mouse, or only observed in one of the species) (Fig. 4) . The point of Human-Rodent common ancestor and all branches down from the Human-Rodent common ancestor were then analyzed. Each branch was categorized by its nodal definitions as described above, this time terminal branches were included but segregated into two types, terminal human branches (S-human) and terminal rodent branches (S-rodent), whose Ka:Ks values were compared with the internal D-S and S-D branches. The dataset is too small for reliable statistical testing, and we simply visualized the data ( Supplementary   Fig. 2 ).
RESULTS & DISCUSSION
Evolutionary change both before and after duplication
To detect effects occurring close to the time of the duplication, we restricted analysis to evolutionary branches with a modest degree of synonymous site change (removing branches where Ks > 0.155) (explain this cut off -await data on the normal distribution of branch length in the entire dataset and say hopefully it was the short length tail of the distribution + 2 standard deviations). This also avoids problems with saturation for Ks seen over more extended evolutionary periods (see materials and methods for branch dataset details). Branch classes were compared with branches flanked by speciation nodes (S-S). These S-S branches are isolated from duplication events and are therefore the best estimate of the evolutionary rate in the absence of duplication events. The node classification process may include some error (e.g.
where a long branch may include a duplication event that was subsequently lost and thus be defined as a S-S branch). However, TAED phylogenies are based on the NCBI taxonomy, thus the majority of phylogenies will not include taxonomic error In branches following a duplication event and preceding a speciation event (D-S) as well as branches both preceding and following a duplication event (D-D) we observed, using the Mann Whitney (testing for differences between non-normally distributed datasets) & the Kolmogorov-Smirnov (testing for random fluctuations explaining the difference between the datasets) statistical tests, a significant excess of change compared to speciation flanked branches (S-S). This significance was true for both the entire dataset as well as for branches in these categories with a Ka:Ks greater than 0.4 ( Fig. 1 & Table 1 ). Figure 1b In addition, we observed a significant excess of change in branches preceding a duplication event (S-D) compared to speciation branches (S-S) ( Fig. 1 & Table 1 ). This is a smaller but significant difference. In this study the pre-duplication mean Ka:Ks (S-D) was 0.27 compared to the Ka:Ks (S-S) pre-speciation mean of 0.23. In our dataset Ka:Ks (D-S) post-duplication mean was 0.30 (p < 0.00009).The scale of this post-duplication effect (D-S) is smaller than the previously observed Ka acceleration after gene duplication (Conant and Wagner 2003; Kondrashov et al. 2002; Lynch and Conery 2000; Zhang et al. 2003) . Evolutionary depth is unlikely to be confounding this effect as the same trend is seen at varying nodal depths ( Supplementary Fig. 3 ).
However, the most striking acceleration in amino acid replacement is seen among those branches which are preceded by, and followed by a gene duplication, with mean Ka:Ks D-D being 0.44. We repeated the analysis excluding very short branches (removing branches where Ks < 0.055), since many short-lived duplications can be lost as pseudogenes, and have much less impact on long-term evolution of function (Lynch and Conery 2000) . The exclusion of the very short branches had little effect on the results (e.g. the least significant difference was for the Mann-Whitney test for greater Ka:Ks in S-D branches versus S-S branches, p = 0.005).
The very high frequency of change in branches that are both preceded and followed by gene duplication (D-D) (Fig. 1) suggests a very strong association of gene duplication and amino acid replacement in genes with a reasonable half life (Ks > 0.055). Mean Ka:Ks D-D is much higher (0.44) than that observed for postduplication branches preceded by speciation (0.3) (p < 0.0000). This association may be specific to certain evolutionary time points, or may be a more general feature of particular protein families, i.e. proteins which accumulate more duplications may have a higher rate of amino acid replacement. To explore this, we directly compared branch categories in D-D containing families and found that a surprisingly large proportion of D-D branch containing families lack S-S branches (~75%). Figure 2 shows that the mean D-D Ka:Ks is 0.046 greater than that of S-S branches, this is a very similar increase to that seen for D-S compared to S-S branches (0.045). We conclude that the initially observed high Ka:Ks in D-D branches largely reflects an increase in certain families of both duplications and accelerated protein evolution.
Evolutionary branches with an excess of change prior to gene duplication
To identify the families contributing to the observed significant preduplication trend (Fig. 1) we investigated residues that had been replaced prior to the duplication, at other branches in the tree in the 92 protein families where Ka:Ks (S-D) > 0.4 for the pre-duplication branch. This revealed 23 protein families with significantly (p < 0.05) less change post-duplication consistent with a model of evolution of novel secondary function prior to duplication that is then maintained as an advantageous sub-functionalization (Fig. 3) . A smaller number of families showed a significant excess of change post-duplication suggesting that these sites were released of constraints, or were undergoing subsequent positive selection (Fig. 3) . While periodic fluctuations in the rate of gene evolution (Philippe et al. 2003) can contribute to departures from expectation, these patterns are suggestive of two alternative modes of evolutionary constraint.
A pre-duplication subset of 9 protein families with well supported phylogenies and Ka:Ks greater than the mean of the rest of the tree (see Methods) is shown in Table 2 . A fucosyltransferase showed a number of instances of amino acid reversion to the state seen prior to the changes incurred in the pre-duplication branch in one descendant lineage (highlighted in Table 2 ); there was no evidence for a gene conversion mechanism to explain this, since the changes were distributed along the alignment, rather than in distinct clusters. Thus, one lineage has apparently reverted to an optimal ancestral function, while the other maintains the novel function acquired pre-duplication. In addition, both cathepsin and fertilin protein families had a significant excess of sites with no further change post-duplication (highlighted in Table 2 ), perhaps reflecting a maintenance of new functionality.
Amino acid changes for which there were three or more property changes among 10 physicochemical properties (Zvelebil et al. 1987) were classified as radical changes. We compared the radical and non-radical changes at and after the S-D branch, as well as in the rest of the tree, for each of the final nine protein families suspected of pre-duplication activity ( Table 2 ). The main observation is that the ratio of radical to non-radical change appears to vary considerably in all nine families, comparing the S-D branch to branches before and after, but that the particular pattern of variation is relatively specific to each family, and presumably reflects separate evolutionary constraints on functional change at different stages. We observed an excess of radical to non-radical changes at the pre-duplication branch in 3 protein families (Table 2 : S-D column). This is consistent with cases such as immune response genes, which favour less conservative changes during positive selection (Hughes et al. 1990 ). However, in 6 of the 9 families we also observe an excess of non-radical changes, consistent with the suggestion that some genes (malereproductive genes) can favour conservative changes during positive selection (Wyckoff et al. 2000) . Since we observe a degree of both radical and non-radical change in all families we cannot rule out that this observation could be due to either positive selection or a relaxation in selection. The fucosyltransferase, cathepsin and fertilin protein families had an increase in the proportion of radical to non-radical changes after the S-D branch compared to the rest of the tree (exclusive of the S-D branch) (highlighted in Table 2 ), which is consistent with further selection for functional change after the duplication. This is not a contradiction of the above data since these increased radical changes post-duplication occur at sites other than the sites of no further change observed above for the cathepsin & fertilin families.
Sensitivity of pre-duplication analysis to phylogenetic subsets.
Chordates are a deep clade, where nucleotide substitution rates can vary substantially among lineages. Branches with the same Ks in different parts of the tree could correspond to very different time frames. Since the species in different trees varies, there is the potential that the broad survey presented here is biased by overrepresentation of certain clades in the sampling of different types of branches. The overall analysis was carried out across a variety of different phylogenetic contexts and we were interested to see what patterns emerge when a smaller, more specific, subset is used.
To investigate the effect of restricting the analysis to particular sub-clades, we looked at duplication events in rodents since their divergence from man (Fig. 4), where the phylogeny appears reliable. The relevant comparison of pre-and postduplication branch Ka:Ks values are with the post-speciation branches in the tree, which lead to either a human or rodent terminal node (S-human or S-rodent respectively). While pre-duplication branches showed a modest excess (Ka:Ks = 0.145) compared to 0.131 for S-human and 0.138 for S-rodent (Fig. 4) , this difference was not statistically significant (p = 0.4, Mann-Whitney). Thus, the overall trend seen in Fig. 1a is suggested within a more controlled set of phylogenies, but a larger sample of trees will be needed to robustly confirm it. In addition, more accurate modelling of the rate of synonymous change is required for each evolutionary interval before any very strong evolutionary inference can be drawn. This will require much denser genome sequence sampling contributing to reconstruction of ancestral sequences flanking duplication events, since rate accelerations in different lineages and sub-regions of trees can introduce systematic biases into the observed patterns. It could be argued that the complexity of the data would lead to the conclusion that the broad analysis we have performed across many phylogenetic scenarios is too contaminated with various biases to be reasonably interpretable. However, it is reasonable to assume that such biases may average out over a large number of trees and give a reasonable indication of the overall pattern. Therefore, it appears useful to present the overall patterns and highlight the main features (Fig. 1 ), but to interpret these with caution. If the general trend seen for overall Ka:Ks acceleration prior to duplication is indeed borne out by other studies, it is likely there may be a large number of instances of particular sites undergoing selective change prior to duplication which are not reflected in a more general change in Ka:Ks. Against the background of such systematic correlations of Ka:Ks and gene duplication rates (Fig. 5) , we have observed a distinct but less common mode of evolution; in a subset of proteins (in 9 (Table 2) out of 92 pre-duplication containing families) accelerated change is seen prior to duplication. One model to explain this is that a multi-functionalizing selection pressure acts initially on a protein sequence, giving rise to accelerated change, which is then resolved to a state of higher fitness by the novel and ancestral functions segregating into separate duplicates (Replacement The weighted mean Ka:Ks for each branch category in a given protein family was calculated for all families in the dataset. Some families may be missing branch categories. For a given family the weighted mean Ka:Ks for the S-S branches were plotted on the x-axis and those for the given families other branch categories were plotted on the y-axis (individual plots for each category). The weighted means were calculated weighting on the inverse of the variance of each Ka:Ks. The number of families (n), the mean overall Ka:Ks across families and its standard error (se) for each axis in each plot is given beside the plot. Families in the given categories where there were no S-S branches were excluded from these plots. 
